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ABSTRACT
We present a source catalogue and first results from a deep, blind radio survey carried out
at 20 GHz with the Australia Telescope Compact Array, with follow-up observations at 5.5, 9
and 18 GHz. The Australia Telescope 20 GHz (AT20G) deep pilot survey covers a total area
of 5 deg2 in the Chandra Deep Field South and in Stripe 82 of the Sloan Digital Sky Survey.
We estimate the survey to be 90% complete above 2.5 mJy. Of the 85 sources detected, 55%
have steep spectra (α201.4 < −0.5) and 45% have flat or inverted spectra (α201.4 > −0.5).
The steep-spectrum sources tend to have single power-law spectra between 1.4 and
18 GHz, while the spectral indices of the flat- or inverted-spectrum sources tend to steepen
with frequency. Among the 18 inverted-spectrum (α201.4 > 0.0) sources, 10 have clearly de-
fined peaks in their spectra with α5.51.4 > 0.15 and α189 < −0.15. On a 3-yr timescale, at least 10
sources varied by more than 15% at 20 GHz, showing that variability is still common at the
low flux densities probed by the AT20G-deep pilot survey.
We find a strong and puzzling shift in the typical spectral index of the 15–20-GHz source
population when combining data from the AT20G, Ninth Cambridge and Tenth Cambridge
surveys: there is a shift towards a steeper-spectrum population when going from ∼ 1 Jy to
∼ 5 mJy, which is followed by a shift back towards a flatter-spectrum population below
∼ 5 mJy. The 5-GHz source-count model by Jackson & Wall (1999), which only includes
contributions from FRI and FRII sources, and star-forming galaxies, does not reproduce the
observed flattening of the flat-spectrum counts below ∼ 5 mJy. It is therefore possible that
another population of sources is contributing to this effect.
Key words: catalogues — galaxies: active — galaxies: evolution — methods: data analysis
— radio continuum: galaxies — surveys
1 INTRODUCTION
Our knowledge of the sky at high radio frequency (& 10 GHz) is
poor compared with that at 1.4 GHz because the small field-of-
view of ground-based diffraction-limited telescopes makes high-
radio-frequency surveys very time-consuming. However, they are
extremely important both to complete some of the gaps in infor-
∗Email: Thomas.Franzen@csiro.au
mation obtained from lower-frequency surveys as well as to enable
different classes of sources to be studied.
In a high-frequency survey, there is preferential detection of
sources with flat spectra up to high frequencies or with peaks in
their spectra at high frequencies. The emission from such sources
mainly originates from the compact cores of radio galaxies (rather
than from the extended jets and lobes). It follows that a survey
at high frequency probes current and very recent AGN activity,
whereas a survey at lower frequencies (e.g. at 1.4 GHz) probes
AGN activity on longer timescales (as well as a large population
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of star-forming galaxies). In combination with a 1.4-GHz survey,
it can therefore provide new insights into the lifetimes and duty
cycles of radio-loud AGN.
Two examples of sources which are preferentially detected
at high frequency are: blazars (the beamed products of FRI and
FRII sources), which are prone to variability in flux density, and
gigahertz-peaked-spectrum (GPS) sources. The latter are compact,
powerful radio sources with spectral peaks at GHz frequencies and
sizes . 1 kpc (e.g. O’Dea 1998). They are thought to represent the
earliest stages of radio-galaxy evolution and evolve into large-scale
radio galaxies, although there are still large gaps in our knowledge
of their evolutionary properties.
Our knowledge of the sky at 15–20 GHz has much
improved over the past 10 years or so thanks to the
completion of the Australia Telescope 20 GHz (AT20G;
Murphy et al. 2010) survey, the 15.2-GHz Ninth Cambridge
(9C; Waldram et al. 2003, 2010) survey and the 15.7-GHz
Tenth Cambridge (10C; AMI Consortium: Franzen et al. 2011;
AMI Consortium: Davies et al. 2011) survey. Correlation of the
catalogues from these high-frequency surveys with the 1.4-GHz
NRAO VLA Sky Survey (NVSS; Condon et al. 1998) catalogue
suggests strong changes in the 15–20-GHz source population
with flux density. The AT20G survey, completed in 2008, cov-
ers the whole Southern sky down to a limiting flux density of
40 mJy. The AT20G source catalogue is dominated by compact,
flat-spectrum QSOs and BL-Lac objects, but the fraction of sources
which are unbeamed galaxies begins to rise at fainter flux densities
(Mahony et al. 2011) and this shift is accompanied by a steepen-
ing in the median 1–20-GHz radio spectral index (Massardi et al.
2011). A similar trend was found in the 9C survey which covers
a smaller area but probes deeper flux-density levels (complete to
5.5 mJy).
In contrast, in the 10C survey, which covers ≈ 27 deg2 com-
plete to 1.0 mJy and ≈ 12 deg2 complete to 0.5 mJy, a completely
different trend was found in which the fraction of steep-spectrum
sources declined with flux density for these fainter sources. A sub-
sample of 10C sources in the Lockman Hole was studied in detail
by Whittam et al. (2013) at 610 MHz and 1.4 GHz. They think it is
likely that the faint, flat-spectrum sources are a result of the cores
of FRI sources becoming dominant at 15.7 GHz.
The advent of the Compact Array Broadband Backend
(CABB; Wilson et al. 2011) on the Australia Telescope Compact
Array (ATCA)1 makes it possible to carry out a new large-area con-
tinuum survey going significantly deeper than the AT20G survey;
the Evolutionary Map of the Universe (EMU; Norris et al. 2011), a
wide-field radio continuum survey planned for the new Australian
Square Kilometre Array Pathfinder telescope, would provide deep
(≈ 10µJy rms) coverage at 1.4 GHz. We have carried out a pilot
survey, in advance of a larger AT20G-deep survey, covering two
regions which are well studied at other wavelengths: the Chandra
Deep Field South (03 hr; −27 deg) and part of SDSS Stripe 82
(21 hr; −0.5 deg). Sources detected in the survey were followed up
with ATCA at 5.5, 9 and 18 GHz, allowing a detailed study of their
radio properties.
In this paper, we present some first results from the AT20G-
deep pilot survey. We also attempt to provide an interpretation of
the spectral index shifts in the 15–20-GHz source population de-
scribed above. The layout of the paper is as follows. Section 2
describes the survey fields. Section 3 outlines our observing strat-
1 http://www.narrabri.atnf.csiro.au/
egy, and imaging and source finding techniques. In Section 4, we
measure the spectral index distribution of our sample between 1.4
and 20 GHz. Section 5 describes the reduction of the data from
the follow-up observations. The results from the follow-up obser-
vations are presented in Sections 6 and 7; in Section 6, we look at
variability at 20 GHz over a 3-yr timescale and in Section 7, we in-
vestigate spectral curvature between 1.4 and 18 GHz. In Section 8,
we combine data from the AT20G, 9C and 10C surveys to explore
the relationship between spectral index and flux density. Our results
are summarized in Section 9.
The sources in the AT20G-deep pilot survey will be studied
further in an accompanying paper, hereafter Paper II, where we will
study their angular sizes and polarisation properties, and look at
their optical and infrared characteristics.
2 CHOICE OF FIELDS
Two fields form part of the AT20G-deep pilot survey: the Chandra
Deep Field South (CDFS), hereafter referred to as the ‘03hr’ field,
and the SDSS Stripe 82 region, hereafter referred to as the ‘21hr’
field. Each field covers an area of ≈ 2.5 deg2. The lines of RA
and Dec. bounding the region complete to 2.5 mJy, for each of the
fields, are given in Table 1.
These fields were chosen as they are already well studied
at other wavelengths: the 03hr field is covered by the NRAO
VLA Sky Survey (NVSS; Condon et al. 1998) and by the Aus-
tralia Telescope Large Area Survey (ATLAS; Norris et al. 2006)
at 1.4 GHz. The field is also coincident with the Spitzer Wide-
area Infrared Extragalactic (SWIRE; Lonsdale et al. 2003) survey,
the Spitzer Extragalactic Representative Volume Survey (SERVS;
Mauduit et al. 2012), the VISTA Deep Extragalactic Observations
(VIDEO; Jarvis et al. 2013) survey, and has good spectroscopic
coverage (Mao et al. 2012). The 21hr field is covered by the NVSS
and by the Faint Images of the Radio Sky at Twenty Centimetres
(FIRST; Becker, White & Helfand 1995) survey. The region also
has good coverage in the 2dF-SDSS LRG and QSO (2SLAQ) Lu-
minous Red Galaxy survey (Cannon et al. 2006) and 2SLAQ QSO
survey (Croom et al. 2008), as well as deep photometry from the
Sloan Digital Sky Survey (SDSS; Becker, White & Helfand 2009).
3 SURVEY OBSERVATIONS AND DATA REDUCTION
3.1 Observations
The AT20G-deep pilot survey was carried out with ATCA in
July 2009, shortly after the telescope was provided with a new
wide-bandwidth correlator, the Compact Array Broadband Back-
end (CABB; Wilson et al. 2011). As a result of this upgrade to the
telescope, the observing bandwidth was increased by a factor of
16, from 2 × 128 to 2 × 2048 MHz, in all bands (ranging from
1.1 to 105 GHz), greatly increasing the sensitivity of continuum
observations. Our observations were made in continuum mode us-
ing two 2048-MHz CABB bands centred at 19 and 21 GHz, with
each 2048-MHz band divided into 2048 1-MHz channels. All four
Stokes parameters were measured.
Each 2.5-deg2 field was surveyed using 3332 pointing cen-
tres in a 68 × 49 hexagonal array, spaced by 1.8 arcmin. The full
width at half-maximum (FWHM) of the primary beam at the upper
end (22 GHz) of the higher-frequency band, where it is smallest,
is 2.32 arcmin. A pointing spacing of 1.8 arcmin provides close to
c© 2012 RAS, MNRAS 000, 1–??
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Table 1. The survey areas
Field RA range Dec. range Area (deg2)
03hr 03:25:59.3 to 03:35:04.6 −28:42:16 to −27:27:44 2.49
21hr 21:30:01.2 to 21:38:02.3 −01:15:06 to −00:00:34 2.49
uniform sensitivity in the fields at 22 GHz: the variation in sensi-
tivity intrinsic to the rastering set-up at this frequency is 8%. Each
pointing was observed twice (at different hour angles) for 10 s. The
total observing time was ≈ 60 hours. The observations were made
at night when conditions are most stable.
The H75 array configuration was used, which consists of six
antennas on east-west and north-south arms. Five of the antennas
lie in a compact configuration, with a range of baselines of 31 to
89 m. The sixth antenna lies at a distance of about 4.5 km to the
west of the other antennas and was not used for any of the ATCA
observations presented in this paper. This array configuration, ex-
cluding baselines to the 6th antenna, yields an angular resolution of
≈ 30 arcsec at 20 GHz, providing good surface-brightness sensitiv-
ity.
The primary flux density calibrator used was PKS B1934-
638, which is the standard calibrator for ATCA observations (S =
0.948 Jy at 20.000 GHz; Sault 2003). PKS B1921-293 was used to
calibrate the bandpass. A secondary calibrator was observed every
30–40 minutes to calibrate the complex antenna gains. The point-
ing was calibrated on every second visit to the secondary calibrator.
For the 03hr field, PKS B0327-241 was used as the secondary cal-
ibrator and for the 21hr field, PKS B2134+004.
3.2 Calibration and imaging
The data were calibrated and imaged using the miriad (Sault et al.
1995) software. The ‘birdie’ option was used in the miriad task
atlod to remove channels affected by self-interference due to the
640-MHz clock harmonics and 100 channels at both edges of the
band, where the response of the receiver is poor. In addition, the
‘opcorr’ option was used to correct the data for atmospheric opac-
ity. The data were flagged for antenna shadowing. The data were
also inspected visually using the pgflag task and any RFI was man-
ually excised; the task display allows bad channels and timestamps
for each baseline to be readily identified. The lower end of the band
centred at 21 GHz was found to be contaminated by RFI in obser-
vations of the 21hr field, probably from geostationary satellites. In
total, about 14% of the data were flagged for the 03hr field and
about 23% for the 21hr field. The bandpass and gains were cali-
brated by following the standard procedure described in the miriad
calibration manual2.
The so-called ‘joint approach’ was used to image each field,
where all pointings are deconvolved together: a dirty image of each
pointing was made using the multi-frequency synthesis technique
(Sault & Wieringa 1994). Natural weighting was used to maximize
the signal-to-noise ratio (SNR). The resultant pointing images were
combined in a linear mosaicking process. The mosaicked image
was then deconvolved using the mossdi task, which performs a
Steer CLEAN (Steer, Dewdney & Ito 1984) on a mosaicked im-
age. The number of CLEAN iterations was set to 10000, as the
2 http://www.atnf.csiro.au/computing/software/miriad
total CLEANed flux was found to reach a plateau after this number
of iterations.
The map of the 03hr field was restored with a beam of 29.1
by 21.9 arcsec, the median synthesized beam of all pointings in
the 03hr field; the map of the 21hr field was restored with a beam
of 29.0 by 25.2 arcsec, the median synthesized beam of all point-
ings in the 21hr field. Fig. 1 shows the final mosaic (top) of the
03hr field, with the area in which the survey is complete to 2.5 mJy
shown in red, and a region (bottom) of the field containing three
point sources. The ATCA primary beams at 20 GHz are shown as
circles in the bottom image.
3.3 Source extraction
3.3.1 Noise estimation
The first step in the source extraction process involved determina-
tion of the noise level. Noise maps were produced for the fields as
follows: at each pixel position, the noise was taken as the rms in-
side a square centred on the pixel with a width of approximately
10 times the synthesized beam, but in order to avoid the noise es-
timate from being significantly affected by source emission, points
were clipped iteratively until convergence at ±3σ was reached. We
note that the noise could not be reliably measured close to the map
edges. The area in which the noise was measured for each field (and
in which source finding was subsequently carried out) is defined in
Table 1. The typical noise level in both fields is 0.3–0.4 mJy. Fig. 2
shows the noise map of the 03hr field together with the distribution
of noise pixel values. The noise is somewhat higher around the very
brightest sources as a result of calibration and deconvolution errors.
3.3.2 Source catalogue
Individual sources in the image were identified and char-
acterised using a similar method to that employed by
AMI Consortium: Franzen et al. (2011) for the 10C survey.
The noise maps were used to identify component ‘peaks’ on the
basis of their signal-to-noise ratios. Local maxima above 5σ were
identified as component peaks. Peak positions and flux densities
were measured by interpolating between the pixels. An integration
area, consisting of contiguous pixels down to a level of 2.5σ,
was measured for each component. Using this information, the
aips
3 task jmfit was employed to fit a 2D elliptical Gaussian to
each component in an automated fashion. Integrated flux densities
and positions were derived from these Gaussian fits. In addition,
an estimate of the true size of each component was made by
deconvolving the point-source response from the fitted Gaussian
(both represented by 2D elliptical Gaussians) and by taking the
resulting 2D elliptical Gaussian to represent the sky brightness
3
astronomical image processing system – www.aips.nrao.edu/
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Figure 1. Top: Map of the 03hr field produced by combining approximately 3500 individual constituent maps. The survey area of the field defined in Table 1
is shown by the red box. The blue box delineates the region of the field which is shown in the bottom panel. Bottom: Region of the 03hr field containing three
point sources. The half-power beamwidth of the ATCA antennas at 20 GHz, centred on the pointing positions used in the mosaicked observations, are shown
as circles.
c© 2012 RAS, MNRAS 000, 1–??
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Figure 2. Top: The noise map of the 03hr field, produced by evaluating the
noise power at each pixel position as described in Section 3.3.1. Bottom:
The distribution of pixel values in the noise map. The distribution peaks at
0.33 mJy.
distribution. A component was classified as extended if emaj > ecrit,
where emaj is the major axis of the component after deconvolution,
ecrit =
{
3.0bmajρ−1/2 if 3.0bmajρ−1/2 > 10 arcsec,
10 arcsec otherwise, (1)
ρ is the signal-to-noise ratio and bmaj is the major axis of the restor-
ing beam. The formula for ecrit is based on the theoretical expec-
tation that the minimum component size that can be measured is
proportional to the FWHM of the synthesized beam and inversely
proportional to the square root of the SNR.
A total of 51 components were detected in the 03hr field and
36 in the 21hr field. Only three components were classified as ex-
tended. Contour plots from NVSS, ATLAS and FIRST were ex-
amined to help identify multiple-component sources. Two doubles
(S28 and S71) were found, one in each field, resulting in a total of
50 sources in the 03hr field and 35 sources in the 21hr field. Both
fields cover the same area of sky to approximately the same depth.
Assuming a Poisson distribution of sources in the sky, the differ-
ence between the numbers of sources detected in the two fields is
not statistically significant. The source catalogues for the 03hr and
21hr fields are given in Tables 2 and 3 respectively. The columns
are as follows:
Column (1) - Source number.
Column (2) - Source IAU name.
Columns (3) and (4) - Source position: RA (J2000), α, and
Dec. (J2000), δ. This is the centroid position of all components
included in the source. The peak position, interpolated between
pixels, is taken to best represent the position of a component
classified as point-like; the peak position from the Gaussing fitting
is taken to best represent the position of a component classified as
extended.
Column (5) - Total flux density at 20 GHz (in mJy), S 20. This
is the total flux density of all components included in the source.
The peak flux density is taken to best represent the flux density
of a component classified as point-like; the integrated flux density
from the Gaussian fitting is taken to best represent the flux density
of a component classified as extended.
Column (6) - Uncertainty on the total flux density at 20 GHz
(in mJy), δS 20. This is the sum of the uncertainties on the flux
densities of all components included in the source. For a compo-
nent classified as point-like, the uncertainty is 5% of the peak flux
density added in quadrature with the local noise. For a component
classified as extended, the uncertainty is 5% of the integrated flux
density added in quadrature with the error on the integrated flux
density reported by the Gaussian-fitting task (which accounts for
the local noise). The 5% calibration error is based on findings
shown in Murphy et al. (2010). To provide errors on the 20-GHz
flux density measurements in the AT20G catalogue, Murphy et al.
(2010) estimated the calibration error for each observational epoch
from the scatter in the visibility amplitudes of the calibrators in
each observing run. The calibration error was found to be typically
4–5% of the total flux density.
Column (7) - Total flux density at 1.4 GHz taken from the
NVSS catalogue or estimated from the NVSS image (in mJy),
S 1.4 (NVSS). Flux densities derived from the NVSS image are
indicated in square brackets. Flux densities were derived from the
NVSS image only for sources that did not appear in the NVSS
catalogue (see Section 4 for details).
Column (8) - Total flux density at 1.4 GHz taken from the
ATLAS/FIRST catalogue or estimated from the ATLAS/FIRST
image in the case of the 03hr/21hr field (in mJy), S 1.4 (ATLAS/FIRST).
Flux densities were derived from the ATLAS/FIRST image only
for sources that did not appear in the ATLAS/FIRST catalogue
(see Section 4 for details).
Column (9) - ‘Best’ 1.4-GHz flux density, S 1.4 (in mJy). This
is the NVSS flux density if the source is present in the NVSS
catalogue, otherwise it is the ATLAS/FIRST flux density in the
03hr/21hr field.
Column (10) - Spectral index between 1.4 and 20 GHz
obtained using S 1.4 and S 20, α201.4.
Column (11) - Spectral class: steep (S), flat (F) or inverted (I),
determined as described in Section 4.
3.4 Estimating the completeness
Assuming that the noise has a Gaussian distribution, which is the
case away from bright sources, the probability of detecting a source
of peak flux density ˆS , above 5σ, is given by
P( ˆS > 5σ) =
∫ ∞
5σ
1√
2πσ2
exp−
(
x − ˆS
)2
2σ2
dx. (2)
In practice, the noise varies over the map. This can be taken into
account by averaging the probabilities of detecting the source at
each pixel position given the noise map. Completeness curves were
calculated in this way for regions covered by the 03hr field, 21hr
field, and both the 03hr and 21hr fields. These are shown in Fig. 3.
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Table 2. The 20-GHz source catalogue for the 03hr field.
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
Source Source name α δ S 20 δS 20 S 1.4 (NVSS) S 1.4 (ATLAS) S 1.4 α201.4 Spectral
number (mJy) (mJy) (mJy) (mJy) (mJy) class
S01 AT20GDP J032605-274735 03:26:05.7 -27:47:35 8.30 0.58 81.00 74.70 81.00 -0.86 S
S02 AT20GDP J032611-273243 03:26:11.4 -27:32:43 6.46 0.58 108.20 110.90 108.20 -1.06 S
S03 AT20GDP J032616-280013 03:26:16.2 -28:00:13 2.59 0.48 [< 1.35] 1.70 1.70 0.16 I
S04 AT20GDP J032622-274323 03:26:22.0 -27:43:23 19.55 1.06 26.50 27.80 26.50 -0.11 F
S05 AT20GDP J032627-275612 03:26:27.0 -27:56:12 5.22 0.50 3.80 4.10 3.80 0.12 I
S06 AT20GDP J032632-274646 03:26:32.2 -27:46:46 9.45 0.60 25.00 24.30 25.00 -0.37 F
S07 AT20GDP J032642-280804 03:26:42.4 -28:08:04 2.69 0.47 45.50 42.30 45.50 -1.06 S
S08 AT20GDP J032707-275816 03:27:07.1 -27:58:16 5.00 0.56 [< 1.35] 1.40 1.40 0.48 I
S09 AT20GDP J032715-275430 03:27:15.9 -27:54:30 1.98 0.35 2.70 2.20 2.70 -0.12 F
S10 AT20GDP J032717-284103 03:27:17.2 -28:41:03 2.17 0.38 [< 1.35] 0.50 0.50 0.55 I
S11 AT20GDP J032732-282622 03:27:32.3 -28:26:22 1.86 0.29 7.40 8.60 7.40 -0.52 S
S12 AT20GDP J032737-280130 03:27:37.7 -28:01:30 39.60 2.05 100.20 96.40 100.20 -0.35 F
S13 AT20GDP J032836-284149 03:28:36.5 -28:41:49 165.56 8.50 1449.30 1357.80 1449.30 -0.82 S
S14 AT20GDP J032843-282714 03:28:43.5 -28:27:14 1.82 0.34 [< 1.35] [< 0.23] [< 0.23] > 0.78 I
S15 AT20GDP J032846-282618 03:28:46.6 -28:26:18 4.20 0.39 61.30 58.00 61.30 -1.01 S
S16 AT20GDP J032933-284142 03:29:33.6 -28:41:42 3.98 0.42 12.70 14.90 12.70 -0.44 F
S17 AT20GDP J032941-280811 03:29:41.4 -28:08:11 3.16 0.44 21.90 23.00 21.90 -0.73 S
S18 AT20GDP J032945-273216 03:29:45.4 -27:32:16 1.88 0.37 - 11.10 11.10 -0.67 S
S19 AT20GDP J032949-273150 03:29:49.3 -27:31:50 2.04 0.36 - 18.90 18.90 -0.84 S
S20 AT20GDP J033021-280207 03:30:21.8 -28:02:07 3.05 0.39 16.80 15.10 16.80 -0.64 S
S21 AT20GDP J033026-281710 03:30:26.0 -28:17:10 3.44 0.35 3.00 3.60 3.00 0.05 I
S22 AT20GDP J033034-282705 03:30:34.5 -28:27:05 2.42 0.34 17.80 18.60 17.80 -0.75 S
S23 AT20GDP J033047-283853 03:30:47.8 -28:38:53 5.74 0.44 53.20 59.10 53.20 -0.84 S
S24 AT20GDP J033051-273014 03:30:51.4 -27:30:14 6.99 0.48 49.10 43.80 49.10 -0.73 S
S25 AT20GDP J033107-283147 03:31:07.6 -28:31:47 4.90 0.45 2.30 2.00 2.30 0.28 I
S26 AT20GDP J033124-275208 03:31:24.8 -27:52:08 5.28 0.43 40.90 35.50 40.90 -0.77 S
S27 AT20GDP J033125-281334 03:31:25.0 -28:13:34 2.19 0.36 3.40 5.70 3.40 -0.17 F
S28 AT20GDP J033128-281816 03:31:28.0 -28:18:16 56.43 3.15 399.30 372.40 399.30 -0.74 S
S29 AT20GDP J033130-273817 03:31:30.7 -27:38:17 1.86 0.37 13.80 10.50 13.80 -0.75 S
S30 AT20GDP J033131-283153 03:31:31.6 -28:31:53 1.98 0.40 82.10 79.50 82.10 -1.40 S
S31 AT20GDP J033201-281305 03:32:01.3 -28:13:05 1.67 0.32 11.60 9.60 11.60 -0.73 S
S32 AT20GDP J033201-274647 03:32:01.5 -27:46:47 2.14 0.38 55.90 49.10 55.90 -1.23 S
S33 AT20GDP J033206-273236 03:32:06.0 -27:32:36 12.30 0.79 8.10 9.10 8.10 0.16 I
S34 AT20GDP J033208-274734 03:32:08.8 -27:47:34 3.08 0.36 [1.35] 1.70 1.70 0.22 I
S35 AT20GDP J033211-273725 03:32:11.7 -27:37:25 7.07 0.62 4.50 3.60 4.50 0.17 I
S36 AT20GDP J033219-275408 03:32:19.3 -27:54:08 1.72 0.34 10.90 8.80 10.90 -0.69 S
S37 AT20GDP J033227-274106 03:32:27.1 -27:41:06 2.81 0.46 22.50 16.60 22.50 -0.78 S
S38 AT20GDP J033232-280308 03:32:32.0 -28:03:08 3.12 0.42 29.60 23.90 29.60 -0.85 S
S39 AT20GDP J033242-273818 03:32:42.2 -27:38:18 4.64 0.52 93.30 72.30 93.30 -1.13 S
S40 AT20GDP J033257-280212 03:32:57.2 -28:02:12 3.65 0.41 25.10 23.10 25.10 -0.73 S
S41 AT20GDP J033310-274840 03:33:10.2 -27:48:40 3.46 0.38 24.20 19.30 24.20 -0.73 S
S42 AT20GDP J033314-281933 03:33:14.8 -28:19:33 4.72 0.42 12.20 9.40 12.20 -0.36 F
S43 AT20GDP J033333-281404 03:33:33.5 -28:14:04 5.56 0.45 [2.08] 2.30 2.30 0.33 I
S44 AT20GDP J033341-284016 03:33:41.1 -28:40:16 2.79 0.38 8.70 10.00 8.70 -0.43 F
S45 AT20GDP J033403-282404 03:34:03.1 -28:24:04 2.19 0.41 18.70 17.80 18.70 -0.81 S
S46 AT20GDP J033409-282420 03:34:09.2 -28:24:20 7.03 0.54 80.00 79.40 80.00 -0.91 S
S47 AT20GDP J033411-282723 03:34:11.0 -28:27:23 4.50 0.42 [< 1.35] 1.30 1.30 0.47 I
S48 AT20GDP J033413-283547 03:34:13.8 -28:35:47 5.25 0.48 15.00 13.20 15.00 -0.39 F
S49 AT20GDP J033427-274402 03:34:27.0 -27:44:02 8.74 0.57 58.80 51.30 58.80 -0.72 S
S50 AT20GDP J033431-282524 03:34:31.1 -28:25:24 2.80 0.38 42.90 39.20 42.90 -1.03 S
Simulations were carried out in order to verify that, assuming
Gaussian statistics, the noise maps can be used to provide reason-
able estimates of the survey completeness. The completeness of the
survey was investigated by inserting 100 point sources with flux
densities ranging from 0.5 to 4.0 mJy at random positions into the
03hr and 21hr fields and by measuring the proportion of simulated
sources recovered as a function of flux density. Sources were simu-
lated in the image plane using the miriad task imgen. The simulation
was repeated 50 times to build up enough statistics. Fig. 4 shows
the mean proportion of simulated sources recovered as a function
of flux density. The error bars are standard errors of the means. The
predicted completeness curve for the two fields is also shown for
comparison.
The results obtained from the Monte Carlo analysis are
broadly in agreement with the expected detection rate, although for
sources with S . 2.5 mJy, the detection rate is somewhat higher
than expected. This probably arises, in large part, from source con-
fusion. For example, two faint sources below the detection thresh-
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Table 3. The 20-GHz source catalogue for the 21hr field.
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
Source Source name α δ S 20 δS 20 S 1.4 (NVSS) S 1.4 (ATLAS) S 1.4 α201.4 Spectral
number (mJy) (mJy) (mJy) (mJy) (mJy) class
S51 AT20GDP J213004-010239 21:30:04.7 -01:02:39 39.14 2.30 388.80 372.43 388.80 -0.86 S
S52 AT20GDP J213023-000308 21:30:23.3 -00:03:08 2.23 0.41 38.60 4.43 38.60 -1.07 S
S53 AT20GDP J213039-002703 21:30:39.5 -00:27:03 5.72 0.55 4.50 2.40 4.50 0.09 I
S54 AT20GDP J213054-000904 21:30:54.6 -00:09:04 2.20 0.42 3.00 3.49 3.00 -0.12 F
S55 AT20GDP J213055-005547 21:30:55.6 -00:55:47 2.25 0.41 19.30 14.39 19.30 -0.81 S
S56 AT20GDP J213112-003929 21:31:12.3 -00:39:29 6.08 0.60 34.80 32.28 34.80 -0.66 S
S57 AT20GDP J213144-004700 21:31:44.9 -00:47:00 1.94 0.38 12.00 12.22 12.00 -0.69 S
S58 AT20GDP J213202-003155 21:32:02.5 -00:31:55 2.25 0.43 17.90 15.84 17.90 -0.78 S
S59 AT20GDP J213250-005355 21:32:50.2 -00:53:55 1.70 0.35 2.30 3.31 2.30 -0.11 F
S60 AT20GDP J213253-010815 21:32:53.7 -01:08:15 2.35 0.36 20.10 17.27 20.10 -0.81 S
S61 AT20GDP J213259-004008 21:32:59.2 -00:40:08 6.97 0.54 28.10 26.16 28.10 -0.52 S
S62 AT20GDP J213308-011128 21:33:08.1 -01:11:28 3.49 0.38 5.00 4.69 5.00 -0.14 F
S63 AT20GDP J213336-005111 21:33:36.3 -00:51:11 8.18 0.54 198.90 199.60 198.90 -1.20 S
S64 AT20GDP J213348-004152 21:33:48.6 -00:41:52 9.20 0.61 34.60 10.27 34.60 -0.50 F
S65 AT20GDP J213353-004405 21:33:53.3 -00:44:05 5.27 0.50 4.20 1.64 4.20 0.09 I
S66 AT20GDP J213425-003427 21:34:25.5 -00:34:27 2.44 0.38 [< 1.35] [0.73] [0.73] 0.09 I
S67 AT20GDP J213453-010639 21:34:53.7 -01:06:39 8.24 0.53 130.50 120.32 130.50 -1.04 S
S68 AT20GDP J213459-010849 21:34:59.3 -01:08:49 5.82 0.45 4.30 6.94 4.30 0.11 I
S69 AT20GDP J213504-001312 21:35:04.6 -00:13:12 4.20 0.41 9.30 6.24 9.30 -0.30 F
S70 AT20GDP J213508-002243 21:35:08.2 -00:22:43 2.41 0.40 18.70 13.48 18.70 -0.77 S
S71 AT20GDP J213513-005244 21:35:13.3 -00:52:44 22.57 1.32 346.40 336.26 346.40 -1.03 S
S72 AT20GDP J213514-001120 21:35:14.4 -00:11:20 4.87 0.38 91.60 79.94 91.60 -1.10 S
S73 AT20GDP J213530-004211 21:35:30.6 -00:42:11 2.93 0.41 [< 1.35] 1.50 1.50 0.25 I
S74 AT20GDP J213540-001428 21:35:40.6 -00:14:28 5.18 0.44 72.90 74.75 72.90 -0.99 S
S75 AT20GDP J213550-011249 21:35:50.7 -01:12:49 65.22 3.30 156.20 140.51 156.20 -0.33 F
S76 AT20GDP J213616-003713 21:36:16.5 -00:37:13 2.69 0.42 8.00 7.70 8.00 -0.41 F
S77 AT20GDP J213616-010840 21:36:16.8 -01:08:40 7.62 0.54 17.10 16.74 17.10 -0.30 F
S78 AT20GDP J213637-002652 21:36:37.7 -00:26:52 1.85 0.37 34.90 32.26 34.90 -1.10 S
S79 AT20GDP J213640-004520 21:36:40.7 -00:45:20 1.96 0.39 3.10 4.19 3.10 -0.17 F
S80 AT20GDP J213640-004601 21:36:40.8 -00:46:01 9.36 0.59 84.00 71.45 84.00 -0.83 S
S81 AT20GDP J213644-002752 21:36:44.6 -00:27:52 4.92 0.46 [6.62] 5.24 5.24 -0.02 F
S82 AT20GDP J213733-005727 21:37:33.6 -00:57:27 9.85 0.58 124.40 121.48 124.40 -0.95 S
S83 AT20GDP J213743-000329 21:37:43.8 -00:03:29 7.54 0.52 106.50 109.31 106.50 -1.00 S
S84 AT20GDP J213746-010101 21:37:46.1 -01:01:01 3.63 0.38 4.00 6.98 4.00 -0.04 F
S85 AT20GDP J213752-011124 21:37:52.7 -01:11:24 4.67 0.45 [2.08] 2.48 2.48 0.24 I
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Figure 3. Completeness as a function of flux density for the 03hr field (red),
21hr field (green) and both fields (black).
old may lie sufficiently close to one another to be detected as a
single source above the detection threshold. The completeness is
estimated to be 50% at 1.8 mJy and 90% at 2.5 mJy.
The simulations were also used to gauge the positional accu-
racy of the sources at low SNR. For a source with a SNR of 5, the
positional errors in RA and Dec. are 2.4 and 1.7 arcsec, respec-
tively.
The number of sources with S > 2.5 mJy in the 03hr and 21hr
fields, which cover a total area of 4.98 deg2, is 60. Given that the
survey is 90% complete above 2.5 mJy, the number of sources per
square degree with S 20 > 2.5 mJy is 600.9×4.98 = 13.4. The Poissonian
error on this figure is
√
60
0.9×4.98 = 1.7.
4 CORRELATION WITH NVSS, ATLAS AND FIRST AT
1.4 GHz
We matched the source catalogues for both fields with the NVSS
catalogue. In addition, we matched the source catalogue for the
03hr field with the ATLAS catalogue from the first data release
(Norris et al. 2006) and for the 21hr field with the FIRST catalogue
(version 03Apr11; Becker et al. 2003). The resulting spectral in-
dices are listed in Tables 2 and 3.
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Figure 4. Results of a simulation to investigate the completeness of the
survey. The filled circles show the proportion of the simulated sources re-
covered as a function of flux density. The solid line shows the completeness
predicted based on the noise-map pixel values, assuming Gaussian statistics
for the noise. The completeness is estimated to be 50% at 1.8 mJy and 90%
at 2.5 mJy, as indicated by the dashed vertical lines.
We used a search radius of 40 arcsec when matching our 20-
GHz sources with the NVSS catalogue. We inspected NVSS im-
ages of the sources to verify that the automated matching proce-
dure had worked well. In a few cases where the matching was
not straightforward, the sources were matched manually – higher-
resolution images from FIRST and ATLAS were used to assist in
the matching. If it was evident that a source had more than one
counterpart in NVSS, the flux densities of the NVSS sources were
summed for comparison with the 20-GHz flux density.
We used the same search radius when matching our source
catalogues with the FIRST and ATLAS catalogues. Images from
FIRST and ATLAS were inspected to verify the source matching
and identify cases where a 20-GHz source had more than one low-
frequency counterpart.
Two 20-GHz sources (S18 and S19) are confused in NVSS so
it was not possible to obtain spectral indices for these sources using
NVSS. No matches were found in the NVSS catalogue for 11 of
our sources. We have measured the flux densities of these sources
by extracting the pixel values in the NVSS image at the positions at
which the sources were detected at 20 GHz. The flux density of one
source (S81) was measured to be as high as 6.6 mJy, despite the fact
that it is not in the NVSS catalogue. This is because the source lies
too close to a brighter source to be detected separately; the FIRST
image suggests that the two sources are unrelated. Seven sources
lie below 1.35 mJy, which is three times the typical noise in the
NVSS image; we have quoted an upper limit on the flux densities
of these sources equal to 1.35 mJy.
One source (S14) in the 03hr field is not present in the ATLAS
catalogue, nor does it appear in the ATLAS image. We measured
the noise close to the source to be 75 µJy. We have quoted an upper
limit on the flux density of the source equal to three times the noise
(0.23 mJy).
Only one source (S66) in the 21hr field is not present in the
FIRST catalogue. The flux density of this source was extracted
from the FIRST image. The source is just below five times the noise
in the FIRST image.
The resolution (45 arcsec) of NVSS is well matched to that
(≈ 30 arcsec) of our 20-GHz survey. When measuring spectral in-
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Figure 5. Histogram of the spectral index distribution α201.4 for the 85
sources in our sample. One source has a lower limit on its spectral index;
this source is shown in red.
dices between 1.4 and 20 GHz, we therefore chose to use NVSS
flux densities for all sources present in the NVSS catalogue. For
the remaining sources in the 03hr/21hr field, ATLAS/FIRST flux
densities were used. FIRST has a resolution of 5 arcsec and AT-
LAS a resolution of 11 arcsec. Spectral indices obtained using our
‘best’ estimates of the 1.4-GHz flux densities are listed in Tables 2
and 3.
The spectral index distribution of our source sample is shown
in Fig. 5. We used the spectral indices between 1.4 and 20 GHz to
classify the sources as follows:
• Steep (S): α201.4 < −0.5
• Flat (F): −0.5 6 α201.4 < 0
• Inverted (I): α201.4 > 0
We find that 55% of the sources have steep spectra, 24% have flat
spectra and 21% have inverted spectra.
Some sources in our sample, particularly those that have flat
or inverted spectra, could be blazars (the beamed products of
FRI and FRII sources) with synchrotron self-absorbed spectra; the
self-absorbed components of such sources often display flux den-
sity variations. A number of years separate the measurements at
1.4 GHz with those at 20 GHz. The spectral indices may therefore
be affected by source variability. We note, however, that variabil-
ity is not expected to play a significant role at 1.4 GHz given that
the emission will mainly originate from the stable, extended, steep-
spectrum component of the source. An assessment of the 20-GHz
variability of our source sample, on a 3-yr timescale, is made in
Section 6.
5 MULTI-FREQUENCY FOLLOW-UP OBSERVATIONS
AND DATA REDUCTION
5.1 Observations
Each of the 85 sources detected in the 20-GHz survey was followed
up at three frequencies (5.5, 9 and 18 GHz) with ATCA in Septem-
ber 2012. The sources were observed simultaneously at 5.5 and
9 GHz, with one 2-GHz CABB band centred at 5.5 GHz and the
other at 9 GHz. The 18-GHz observations were carried out with
two 2-GHz CABB bands centred at 17 and 19 GHz.
We used the H214 array to obtain both good snapshot imaging
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data at 18 GHz and reasonable angular resolution at 5.5 GHz. This
array configuration is somewhat larger than the H75 array, which
was used for the survey observations, with baselines ranging be-
tween 82 and 247 m (excluding baselines to antenna 6).
Each source was observed twice (at different hour angles) at
each frequency to improve the uv coverage. The integration time
per source was set so as to reach a SNR per baseline & 10 at 5.5, 9
and 18 GHz in each uv cut (the flux densities of the sources at the
three frequencies were estimated using their spectra between 1.4
and 20 GHz as measured in Section 4). The integration time per
source per uv cut at 5.5 and 9 GHz ranges between 1 and 17 min
and at 18 GHz between 1 and 9 min.
At 5.5 and 9 GHz, both PKS B1934-638 (S = 4.965 Jy at
5.500 GHz; S = 2.701 Jy at 9.000 GHz) and PKS B0823-500 (S
= 2.622 Jy at 5.500 GHz; S = 1.360 Jy at 9.000 GHz) were used
as primary and bandpass calibrators. A secondary calibrator was
observed every ≈ 30 minutes. For the 03hr field, PKS B0346-279
and PKS B0327-241 were used as secondary calibrators and for
the 21hr field, PKS B2134+004. At 18 GHz, PKS B1934-638 (S =
1.101 Jy at 18.000 GHz) was used as primary calibrator and PKS
B1921-293 as bandpass calibrator. A secondary calibrator was ob-
served every ≈ 20 minutes and the pointing was calibrated on ev-
ery third visit to the secondary calibrator. For the 03hr field, PKS
B0346-279 was used as secondary calibrator and for the 21hr field,
PKS B2134+004.
5.2 Data reduction
The data were flagged and calibrated following the same procedure
as outlined for the survey data in Section 3.2. An image of each
source at each frequency was made in miriad. Natural weighting
was used to maximize the SNR. Each map was CLEANed using
the mfclean task which models the spectral variation of the source
emission using a two-term Taylor-Polynomial. One round of phase
self-calibration was applied if the SNR was sufficiently high – typ-
ically sources > 4 mJy – to improve the dynamic range. A 2D el-
liptical Gaussian fitted to the central region of the dirty beam was
used as the restoring beam. The angular resolution is ≈ 40 arcsec
at 5.5 GHz, ≈ 25 arcsec at 9 GHz and ≈ 10 arcsec at 18 GHz.
Integrated flux densities were measured by fitting elliptical 2D
Gaussians to the sources. All 85 sources (including S14 which was
not detected in ATLAS DR1) detected in the 20-GHz survey were
confirmed to be real, demonstrating that despite the relatively poor
uv coverage of the survey data, our imaging and source finding
techniques can provide us with a source catalogue which is close to
100% reliable above 5σ. Source S14, which has a highly unusual
spectrum, is discussed further in Section 7.
The flux densities of the sources at 5.5, 9 and 18 GHz for the
03hr and 21hr fields are listed in Tables 4 and 5 respectively. We
were not able to measure S 5.5 and S 9 for S79 and S80 because
the two sources are blended together in the two lower-frequency
images. The columns are as follows:
Column (1) - Source number.
Column (2) - Flux density taken from the ATLAS 2.3-GHz
source catalogue (Zinn et al. 2012) of the CDFS field, S 2.3 (in
mJy).
Column(3) - Uncertainty on the 2.3-GHz flux density, δS 2.3
(in mJy).
Columns (4), (6) and (8) - Integrated flux densities at 5.5 GHz
(S 5.5), 9 GHz (S 9) and 18 GHz (S 18), in mJy. In the case of a
multi-component source, the sum of the integrated flux densities
of the components is quoted.
Columns (5), (7) and (9) - Uncertainties on the integrated
flux densities at 5.5 GHz (δS 5.5), 9 GHz (δS 9) and 18 GHz
(δS 18), in mJy. This is 5% of the integrated flux density added in
quadrature with the error on the integrated flux density reported
by the Gaussian-fitting task (which accounts for the local noise).
For a multi-component source, the sum of the uncertainties on the
integrated flux densities of all components included in the source
is quoted.
Column (10) - The source class, variable (VAR) or non-
variable (NVAR), determined as described in Section 6.
Column (11) - The variability index, V (in %), measured as
described in Section 6.
Column (12) - Peak frequency, νp (in GHz), measured as
described in Section 7.
5.2.1 Measuring spectral indices across the individual ATCA
bands
The model produced by mfclean contains two planes: the intensity
(I) and intensity times spectral index (I × α) planes. The model
can therefore be used to measure spectral indices across the ATCA
bands. The ‘mfs’ option in the restor task was used to write a sec-
ond plane in the output image containing the (I × α) model con-
volved with the Gaussian beam. Spectral indices across the bands
were then extracted from the I and (I × α) images following the
method described in Whiting & Humphreys (2012): each compo-
nent has its spectral index measured by taking the component fitted
to the I image, keeping all parameters fixed except the peak flux
density, and fitting it to the I × α image. The ratio of the integrated
flux densities of this and the original component provides the spec-
tral index for the component. For sources consisting of more than
one component, the total flux densities of the components in the I
and I × α planes were evaluated before perfoming the division.
Spectral indices were measured in this way for all sources,
at each frequency. In most cases, however, the SNR was not high
enough to obtain reliable measurements. Given the 2-GHz band-
width available at each frequency, the error on the spectral index
due to the thermal noise is expected to be ∼ 0.2 at SNR = 50 at
5.5 GHz, and at SNR = 100 at 9 and 18 GHz. The measurements
therefore only provide useful additional spectral information for the
brightest sources in our sample.
6 FLUX DENSITY VARIABILITY AT 20 GHz
6.1 Previous work
There have been some systematic studies of variability in high-
frequency-selected samples, particularly at high flux densities.
Chen et al. (2013) analysed the variability of extragalactic radio
sources selected from the Planck Early Release Compact Source
Catalogue over a period of 10 years at frequencies between 33
and 94 GHz; they used measurements from both the Wilkinson Mi-
crowave Anisotropy Probe and Planck. 50% of sources with good
quality measurements were found to be variable (at > 99% confi-
dence level) at 33 GHz; the median fractional variation of the vari-
able sources was 27%. The general level of variability was found
not to change significantly with frequency. Almost all the sources
that showed variability were blazars. They compared the variability
of the two classes of blazars, flat-spectrum radio quasars (FSRQs)
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Table 4. Data table for the 03hr field.
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
Source S 2.3 δS 2.3 S 5.5 δS 5.5 S 9 δS 9 S 18 δS 18 Class V νp
number (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (%) (GHz)
S01 - - 28.63 1.44 16.30 0.84 8.26 0.45 NVAR 2.5 -
S02 - - 31.29 1.57 16.73 0.87 8.54 0.48 NVAR 6.9 -
S03 1.67 0.11 1.74 0.16 2.66 0.18 2.32 0.15 NVAR -8.3 -
S04 - - 37.04 1.87 34.16 1.72 28.45 1.43 VAR 16.7 4.3
S05 - - 23.23 1.17 21.23 1.08 12.76 0.65 VAR 38.4 6.0
S06 - - 13.59 0.72 12.20 0.65 9.40 0.52 NVAR -3.9 -
S07 - - 14.02 0.99 8.76 0.78 3.74 0.65 NVAR -9.2 -
S08 1.57 0.11 2.78 0.23 2.52 0.25 2.23 0.26 VAR 38.0 9.2
S09 - - 2.41 0.17 2.01 0.16 2.13 0.14 NVAR -8.5 -
S10 0.34 0.07 1.32 0.20 1.51 0.13 1.67 0.12 NVAR 6.1 -
S11 6.74 0.34 4.55 0.25 3.38 0.20 2.07 0.12 NVAR -8.3 -
S12 - - 87.63 4.38 72.06 3.62 58.99 2.95 VAR 17.7 -
S13 - - 481.45 24.09 285.94 14.43 159.93 8.02 NVAR 4.8 -
S14 - - 1.01 0.15 1.55 0.21 1.85 0.13 NVAR -9.8 -
S15 35.94 1.80 16.85 0.87 8.96 0.50 4.51 0.31 NVAR -5.9 -
S16 10.07 0.51 5.41 0.32 4.29 0.29 2.93 0.23 NVAR 16.4 -
S17 16.72 0.84 8.70 0.46 5.20 0.33 3.06 0.21 NVAR -6.0 -
S18 7.62 0.54 4.09 0.25 3.03 0.27 1.76 0.15 NVAR -8.7 -
S19 - - 6.80 0.37 2.48 0.29 1.67 0.24 NVAR 4.4 -
S20 12.47 0.63 7.44 0.39 4.82 0.29 2.80 0.19 NVAR 3.2 -
S21 3.33 0.19 3.89 0.23 3.49 0.22 2.81 0.20 NVAR 9.6 5.4
S22 - - 6.33 0.34 3.83 0.25 2.18 0.16 NVAR 4.0 -
S23 - - 19.78 1.00 10.90 0.61 6.14 0.42 NVAR -5.4 -
S24 35.80 1.79 20.61 1.04 12.39 0.64 7.30 0.40 NVAR -4.3 -
S25 3.28 0.18 7.73 0.41 8.50 0.45 6.60 0.36 NVAR 11.7 9.8
S26 - - 12.06 0.62 7.08 0.40 4.73 0.29 NVAR 6.5 -
S27 - - 4.08 0.27 3.72 0.29 2.34 0.15 NVAR -9.1 -
S28 - - 137.94 6.96 71.16 3.78 30.71 2.98 VAR 34.8 -
S29 - - 4.37 0.26 2.54 0.20 1.12 0.10 NVAR 27.6 -
S30 - - 17.33 0.94 7.54 0.61 3.19 0.32 NVAR 13.2 -
S31 - - 3.90 0.25 2.18 0.18 1.11 0.13 NVAR 21.2 -
S32 - - 11.02 0.58 5.87 0.36 2.28 0.14 NVAR -9.0 -
S33 11.28 0.57 13.12 0.68 13.20 0.69 14.36 0.73 NVAR 7.1 -
S34 - - 3.74 0.22 5.51 0.34 4.49 0.27 VAR 16.0 11.5
S35 3.86 0.21 12.56 0.66 17.86 0.94 20.22 1.02 VAR 48.7 -
S36 - - 3.83 0.22 2.21 0.16 1.25 0.11 NVAR 15.8 -
S37 - - 7.60 0.42 5.17 0.33 3.39 0.20 NVAR -5.9 -
S38 - - 10.59 0.55 6.59 0.41 3.83 0.27 NVAR -4.6 -
S39 - - 23.67 1.20 12.01 0.65 6.00 0.60 NVAR -2.9 -
S40 - - 10.66 0.55 6.68 0.38 4.00 0.28 NVAR -6.9 -
S41 - - 9.65 0.51 6.18 0.35 3.29 0.21 NVAR 2.6 -
S42 - - 8.89 0.47 6.10 0.36 3.84 0.27 NVAR 12.3 -
S43 3.75 0.20 10.24 0.53 9.41 0.49 7.91 0.44 VAR 15.4 9.3
S44 - - 4.72 0.27 3.78 0.27 2.62 0.20 NVAR -5.8 -
S45 - - 3.50 0.24 2.18 0.22 1.82 0.27 NVAR -7.3 -
S46 52.29 2.62 25.98 1.32 14.92 0.78 7.11 0.41 NVAR -0.6 -
S47 - - 10.10 0.53 6.95 0.38 3.69 0.28 NVAR 13.1 4.4
S48 9.44 0.48 6.90 0.39 5.00 0.32 4.30 0.29 NVAR 9.2 -
S49 41.80 2.09 24.23 1.22 15.09 0.78 9.70 0.53 NVAR -4.2 -
S50 - - 11.12 0.59 6.44 0.43 2.77 0.20 NVAR -4.3 -
and BL-Lac objects, but found no evidence that one class was more
variable than the other.
AMI Consortium: Franzen et al. (2009) measured variability
at 16 and 33 GHz in a complete sample of 97 sources with S 33 GHz &
1 Jy. They found that, over timescales of about 1.5 yr, 15% of the
sources varied by more than 20% at 16 GHz and 20% varied by
more than 20% at 33 GHz. The proportion of flat-spectrum sources
in the full sample was very high: 93% had α3414 > −0.5. The median
spectral index (0.06 ± 0.05) of the variable sources was marginally
flatter than that (−0.13 ± 0.04) of the non-variable sources.
Sadler et al. (2006) studied the variability at 20 GHz of 108
sources from a complete sample with S 20 GHz > 100 mJy. Over
time-scales of 1–2 years, 42% of the sources varied by more than
10%. Most of the sources had significant spectral curvature over the
range 0.8–20 GHz. They found no significant correlation between
variability and spectral index.
At lower flux densities, Bolton et al. (2006) measured the vari-
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Table 5. Data table for the 21hr field.
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
Source S 2.3 δS 2.3 S 5.5 δS 5.5 S 9 δS 9 S 18 δS 18 Class V νp
number (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (%) (GHz)
S51 - - 123.74 6.27 56.12 2.99 33.93 1.99 NVAR 10.0 -
S52 - - 7.49 0.42 3.48 0.42 1.96 0.38 NVAR -9.3 -
S53 - - 4.52 0.35 4.13 0.34 3.84 0.31 VAR 19.0 -
S54 - - 4.08 0.23 2.82 0.18 1.54 0.14 NVAR 18.1 3.1
S55 - - 6.28 0.41 3.35 0.48 1.52 0.27 NVAR 20.9 -
S56 - - 15.41 0.79 10.40 0.58 6.37 0.46 NVAR -6.3 -
S57 - - 5.13 0.28 3.41 0.25 2.00 0.18 NVAR -11.0 -
S58 - - 7.45 0.39 4.68 0.31 2.61 0.24 NVAR -10.4 -
S59 - - 2.56 0.17 2.44 0.15 1.72 0.19 NVAR -12.1 -
S60 - - 6.95 0.41 4.75 0.35 2.79 0.50 NVAR -12.2 -
S61 - - 12.46 0.66 9.06 0.58 6.50 0.40 NVAR 2.7 -
S62 - - 4.42 0.30 3.75 0.28 3.06 0.22 NVAR 4.2 -
S63 - - 44.46 2.23 23.90 1.24 10.04 0.54 NVAR -2.7 -
S64 - - 13.02 0.80 8.22 0.63 7.89 0.48 NVAR 6.4 -
S65 - - 6.45 0.41 5.50 0.41 4.68 0.34 NVAR 3.0 3.5
S66 - - 4.98 0.27 3.67 0.21 2.43 0.17 NVAR -8.3 4.4
S67 - - 38.90 1.98 21.27 1.22 9.92 0.86 NVAR -5.0 -
S68 - - 6.78 0.45 7.08 0.60 9.14 0.52 VAR 23.5 -
S69 - - 10.43 0.65 7.74 0.55 3.73 0.24 NVAR 9.5 -
S70 - - 6.45 0.36 3.80 0.27 2.38 0.17 NVAR -8.6 -
S71 - - 93.68 4.75 52.12 2.74 24.17 1.43 NVAR -3.8 -
S72 - - 22.80 1.18 11.35 0.70 5.50 0.38 NVAR -5.6 -
S73 - - 3.29 0.20 2.89 0.20 2.16 0.19 NVAR 14.7 4.7
S74 - - 20.42 1.05 12.49 0.68 5.74 0.39 NVAR -5.8 -
S75 - - 121.85 6.10 94.65 4.74 60.34 3.02 NVAR 6.2 -
S76 - - 4.37 0.26 3.66 0.28 2.97 0.19 NVAR -7.8 -
S77 - - 8.14 0.47 8.17 0.50 7.56 0.47 NVAR -5.0 -
S78 - - 8.95 0.53 3.00 0.37 1.83 0.24 NVAR -11.9 -
S79 - - - - - - 1.20 0.20 NVAR 19.8 -
S80 - - - - 16.56 0.89 10.97 0.68 NVAR -0.5 -
S81 - - 9.47 0.55 8.14 0.54 6.17 0.41 NVAR 7.0 4.1
S82 - - 37.74 1.89 22.77 1.17 11.22 0.60 NVAR -4.1 -
S83 - - 30.50 1.54 18.26 0.95 8.93 0.50 NVAR -3.7 -
S84 - - 2.83 0.19 2.50 0.22 2.82 0.22 NVAR 9.3 -
S85 - - 4.89 0.32 4.89 0.30 4.72 0.32 NVAR -6.2 -
ability of 51 sources from a complete sample with S 15 GHz >
25 mJy over a 3-yr period. They divided their sample into four
spectral classes: (1) gigahertz-peaked spectrum (GPS) sources with
convex spectra peaking below 5 GHz; (2) high-frequency peaked
(HFP) sources with convex spectra peaking above 5 GHz; (3) flat-
spectrum sources with spectral indices at 10 GHz, α10, greater than
-0.5 and (4) steep-spectrum sources with α10 6 −0.5. None of
the GPS and steep-spectrum sources were found to be have varied
above the flux density calibration errors of ∼ 6%; half of the flat-
spectrum sources and the majority of the HFP sources were found
to have varied significantly. The median fractional variation of the
variable sources was 14%.
6.2 Our work
Here, we look at variability, on a timescale of ≈ 3 yr, in an
even fainter sample than that studied by Bolton et al., complete to
2.5 mJy at 20 GHz. The 18-GHz flux densities from the follow-
up observations were extrapolated to 20 GHz, using α189 , and then
compared with the 20-GHz survey flux densities. The survey ob-
servations were carried out in July 2009 and the follow-up obser-
vations in September 2012.
Fig. 6 shows how the 20-GHz flux densities of all sources
compare at the two epochs. There is generally good agreement be-
tween the flux densities. At the faint end, the survey flux densities
tend to be systematically higher than the follow-up flux densities.
This is probably due to the Eddington bias (Eddington 1913) caus-
ing the measured flux densities in the survey to be biased high close
to the detection limit of the survey.
We have defined each source as variable (VAR) or non-
variable (NVAR) using a χ2-test. Our null hypothesis is that the flux
density of the source is the same at the two epochs of observation.
The value of χ2 is given by
χ2 =
(S 1 − S 2)2
σ21 + σ
2
2
, (3)
where S 1 and S 2 are the flux densities at the two epochs, and σ1
and σ2 their respective uncertainties. When the probability that the
data support the null hypothesis is less than 1% the source is clas-
sified as variable (VAR), otherwise the source is classified as non-
variable (NVAR). Tables 4 and 5 include a column specifying the
classification for each source. Of the 85 sources, 10 (12 per cent)
are classified as variable, seven of which have higher flux densities
c© 2012 RAS, MNRAS 000, 1–??
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Figure 6. Comparison of follow-up flux densities extrapolated to 20 GHz
with 20-GHz survey flux densities. The dashed line indicates equal flux-
density values. Sources classified as variable are shown in red and non-
variable in black.
in the follow-up observations; these sources are highlighted in red
in Fig. 6.
We have also quantified the variability for each source while
applying a correction for the errors in the flux density measure-
ments. Following AMI Consortium: Franzen et al. (2009), we de-
fine the unbiased variability index as
V = 1
2 ¯S
√
(S 1 − S 2)2 − (σ21 + σ22), (4)
where ¯S is the mean flux density. When the value inside the square
root in Eqn. 4 becomes negative, we set the unbiased variability
index to be negative; V is then given by
V = − 1
2 ¯S
√
|(S 1 − S 2)2 − (σ21 + σ22)|. (5)
We note that the minimum variability index required for a source to
be classified as variable according to the χ2-test will depend upon
the fractional errors on the flux densities for the source, which ex-
plains why a source classified as variable in Tables 4 and 5 may
have a lower variability index than another source classified as non-
variable.
Fig. 7 shows how V compares with the follow-up flux den-
sity extrapolated to 20 GHz. Sources classified as variable tend to
be the brighter ones in our sample. This is likely to be, in large
part, due to the larger fractional errors on the survey flux densities
for the fainter sources. For the variable sources, V ranges between
15.4 and 48.7%; the median value is 23.5%. The median 20-GHz
flux density of the variable sources at the time of the follow-up ob-
servations is 11.8 mJy. The most variable source is S35, the source
having increased in flux density by about a factor of 3 between the
time of the survey and follow-up observations.
Table 6 shows the number of variable and non-variable sources
in each spectral class. As expected, there is a strong tendency for
the variable sources to have flat or inverted spectra.
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Figure 7. Unbiased variabilty index versus follow-up flux density extrapo-
lated to 20 GHz. Sources classified as variable are shown in red and non-
variable in black.
Table 6. Relationship between variability and spectral class.
NVAR NNVAR Total NNVAR/Total (%)
Steep 1 46 47 2.1
Flat 2 18 20 10.0
Inverted 7 11 18 38.9
7 SPECTRAL CURVATURE BETWEEN 1.4 AND 18 GHz
We used the measurements at 5.5, 9 and 18 GHz from the follow-
up observations as well as low-frequency data at 1.4 and 2.3 GHz
to investigate spectral curvature between 1.4 and 18 GHz. The 1.4-
GHz flux densities were obtained from NVSS, ATLAS and FIRST,
as described in Section 4.
Flux densities at 2.3 GHz were obtained for 18 sources by
matching the 20-GHz source catalogue for the 03hr field with the
ATLAS 2.3-GHz source catalogue from Zinn et al. (2012). The 2.3-
GHz catalogue comes from a low-resolution (57 by 23 arcsec)
ATCA survey of the CDFS field down to a rms noise of 80 µJy.
It should be noted that, in some cases, sources which were clearly
separated in the ATLAS DR2 image (Hales et al. 2013) of the field
at 1.4 GHz, which has higher resolution, were blended together in
the 2.3-GHz image. Such blended sources were excluded from the
2.3-GHz catalogue. Consequently, a source which does not appear
in the 2.3-GHz catalogue does not necessarily lie below the detec-
tion threshold of the catalogue.
The spectra of a few sources showing different spectral char-
acteristics are shown in Fig. 8. Spectra across the ATCA bands are
indicated by solid lines. These are only shown if the SNR is greater
than 50 at 5.5 GHz, and 100 at 9 and 18 GHz, to prevent the spectra
from being significantly affected by the thermal noise.
We have measurements at 1.4, 5.5, 9 and 18 GHz for 83 out
of the 85 sources in our sample. Fig. 9 shows a radio colour-colour
plot, comparing α5.51.4 with α189 , for these 83 sources. We note that the
axes in this diagram are independent. It can be seen that the steep-
spectrum sources tend to have single power-law spectra as they lie
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Figure 8. Examples of spectra between 1.4 and 18 GHz. The black points at 1.4 GHz are from NVSS, FIRST or ATLAS, the red points at 2.3 GHz from
Zinn et al. (2012) and the blue points at 5.5, 9 and 18 GHz from the ATCA data presented in this paper. Spectra across the ATCA bands (4.5–6.5, 8–10 and
16–20 GHz) are shown as solid lines. Steep-spectrum sources are shown in the first row, flat-spectrum sources in the second row, inverted-spectrum sources in
the third row, and sources with peaked spectra in the last two rows.
close to the dashed diagonal line. One source which does not fol-
low this trend is S45 which has α5.51.4 = −1.23 and α189 = −0.27
(see spectrum in Fig. 8); the most likely explanation for the pro-
nounced spectral flattening is that the radio emission switches from
being lobe-dominated at low frequency to core-dominated at high
frequency. The flat-spectrum sources show a steepening in their
spectra with frequency, consistent with the effects observed by
Chhetri et al. (2012) for compact sources, and hence, tend to lie
below the diagonal line. Most of the inverted-spectrum sources lie
in the lower-right quadrant of the plot, indicating that they have
peaked spectra. Among the 18 inverted-spectrum sources, only five
have α189 > 0 and one has α189 > α5.51.4.
We have identified sources with clearly defined peaks in their
spectra between 1.4 and 18 GHz; these are defined as having
α5.51.4 > 0.15 and α189 < −0.15. A total of 13 sources fit into this cat-
egory, of which 10 are classified as inverted-spectrum and 3 as flat-
spectrum. We have estimated the peak frequencies of these sources
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Figure 9. Radio colour-colour plot for 83 sources with measured spectral
indices α5.51.4 and α
18
9 . Sources classified as steep-spectrum are plotted in
black, flat-spectrum in red and inverted-spectrum in green. Triangles refer
to variable sources and circles to non-variable sources.
by fitting polynomial functions to their spectra; they lie between
3.1 and 11.5 GHz and are listed in Tables 4 and 5.
7.1 Source not detected at 1.4 GHz
Only one source (S14) is not detected in any of the three 1.4-GHz
catalogues. The source has a flux density of (1.85 ± 0.13) mJy at
18 GHz. The rms noise close to the source in the ATLAS DR1 im-
age is 75 µJy. The source is also not present in the image from the
third ATLAS data release (Franzen et al. 2013), which is more sen-
sitive. The rms noise close to the source in this image is 18 µJy.
Placing a 3-σ upper limit to the flux density of the source at
1.4 GHz gives a limit on the spectral index of α181.4 > 1.38. We
note that the source happens to lie 1 arcmin from a 56-mJy source
at 1.4 GHz. We checked the NASA Extragalactic Database but no
identification for the source was found.
Murphy et al. (2010) found that 27 sources in the AT20G sur-
vey, which has a detection limit of 40 mJy, did not have low-
frequency counterparts in NVSS at 1.4 GHz, and the Sydney
University Molonglo Sky Survey (SUMSS; Mauch et al. 2007)
and the 2nd-epoch Molonglo Galactic Plane Survey (MGPS-2;
Murphy et al. 2007) at 0.843 GHz, which together cover the whole
AT20G survey area. All these sources had (non-simultaneous)
spectral indices between ∼ 1 and 20 GHz greater than 0.7. In gen-
eral, these extreme spectral indices were not thought to be the re-
sult of source variability between the NVSS/SUMSS/MGPS-2 and
AT20G observing epochs because the great majority of the sources
had similarly extreme (simultaneous) spectral indices between 5
and 20 GHz.
Unlike the sample of ultra-inverted spectrum sources pre-
sented in Murphy et al. (2010), S14 has a spectrum which rapidly
flattens with frequency between 1 and 20 GHz, as shown in Fig. 8.
The spectrum of the source appears to turn over at ∼ 20 GHz;
higher-frequency measurements are required to provide a reliable
estimate of the turnover frequency. The flux density of the source at
20 GHz did not vary significantly between July 2009 and Septem-
ber 2012, but monitoring of the source over longer timescales is
required to rule out its blazar nature. Blazars typically only show
small flux density variations on timescales of 1–2 years, with larger
flares occuring on average once every 6 years (Hovatta et al. 2007).
Also, the error on the flux density measured in July 2009 from the
survey observations is large given that the source was only detected
at a level of 5.6σ.
If S14 is not a blazar, then there is the possibility that it is a
truly young HFP source. In contrast to blazars, genuinely young
sources are expected to maintain their convex spectra and to show
little or no variability, discounting the spectral evolution associ-
ated with the source growth, where the peak frequency shifts to-
wards lower frequencies as a consequence of adiabatic expansion
(O’Dea & Baum 1997). Multi-frequency, multi-epoch observations
would shed more light on the nature of this source.
8 EXPLORING THE RELATIONSHIP BETWEEN
SPECTRAL INDEX AND FLUX DENSITY IN THE
HIGH-RADIO-FREQUENCY POPULATION
Strong variations in the typical spectral index of the 15–20-GHz
source population, between 0.5 mJy and ∼ 1 Jy, have been reported
in the literature, the underlying cause of which is not well under-
stood. These spectral index shifts suggest rapid changes in source
population with flux density. There are therefore implications for
theoretical modeling of the high-radio-frequency population and its
evolution.
In this section, we attempt to identify the source populations
responsible for these spectral index shifts. We first review the rela-
tionship between spectral index and flux density for sources in the
AT20G, 9C and 10C surveys, as reported in the literature. We then
combine the data from these three surveys to get a more complete
picture of the changes in spectral properties with flux density. We
measure the fraction of sources with steep spectra (α15.71.4 < −0.5) as
a function of 15.7-GHz flux density between 0.5 mJy and ∼ 1 Jy.
We also measure the Euclidean normalized differential counts of
flat- (α15.71.4 > −0.5) and steep-spectrum sources to track how the two
source classes change with flux density. Finally, we compare, qual-
itatively, the observed counts of the two source classes at 15.7 GHz
with the 5-GHz source-count model by Jackson & Wall (1999),
who break down the source population into different types of FRI
and FRII sources, and star-forming galaxies, and with the latest ver-
sion of the 15-GHz source-count model by de Zotti et al. (2005) for
classical radio sources.
8.1 Previous work
Massardi et al. (2011) investigated the change in spectral properties
with flux density of sources in the AT20G survey. The fraction of
flat-spectrum (α208.6 > −0.5) sources was found to decrease from
81% for S 20 > 500 mJy to 60% for S 20 < 100 mJy. This trend
towards a steeper-spectrum population was found to continue at
lower flux densities: in the 9C survey, the median value of α15.21.4
was found to decrease from –0.23 for sources with S 15.2 > 100 mJy
to –0.79 for sources with S 15.2 < 25 mJy (Waldram et al. 2010).
A completely different trend was found in
AMI Consortium: Davies et al. (2011) when going to even
fainter flux densities. AMI Consortium: Davies et al. matched a
complete and unbiased sample of sources from the deep areas
of the 10C survey, complete to 0.5 mJy, with catalogues from
the NVSS and FIRST survey. They measured the fractions of
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sources with α15.71.4 < −0.8 in various 15.7-GHz flux density bins
between 0.5 and 25 mJy. They found that the typical spectral
index between 1.4 and 15.7 GHz becomes flatter for sources with
decreasing flux densities between 25 and 0.5 mJy: when matching
to NVSS, 49% of sources with 5.0 6 S < 25.0 mJy were found
to have α15.71.4 < −0.8. For sources with 0.5 6 S < 0.6 mJy, the
corresponding figure is 18%. Many sources are too faint to be
detected in NVSS; in the lowest flux density bin, the percentage of
unmatched sources is as high as 60%. The spectral index cut-off of
–0.8 was chosen to ensure that in all flux density bins, any source
with spectral index less than this value ought to be detected in
NVSS, given its completeness limit of 3.4 mJy.
Whittam et al. (2013) subsequently studied the radio proper-
ties of a sub-sample of 296 10C sources in the Lockman Hole us-
ing much deeper surveys at 1.4 GHz and 610 MHz. They found that
the median spectral index between 15.7 GHz and 610 MHz changes
from –0.75 for S 15.7 > 1.5 mJy to –0.08 for S 15.7 < 0.8 mJy. They
found that the SKADS Simulated Skies (S 3; Wilman et al. 2008)
simulation does not accurately reproduce the observed population
at 15.7 GHz. They concluded that either there is a new population
of faint, flat-spectrum sources which is not being accounted for in
the model or the behaviour at 15.7 GHz of a known population is
not being modeled correctly.
8.2 Combining data from the AT20G, 9C and 10C surveys
We have extended the analysis of AMI Consortium: Davies et al.
(2011) described in Section 8.1 to higher flux densities by using
data from the shallower regions of the 10C survey, and from the
9C and AT20G surveys. The general properties of these surveys
are listed in Table 7. Together, these surveys sample flux densities
ranging from 0.5 mJy to several Jy.
Sources in the shallower region of the 10C survey were
matched to NVSS. For sources in the 9C survey, S 1.4 was obtained
from Waldram et al. (2003, 2010) who correlated the sources with
NVSS. Only a very small fraction of sources were too faint to ap-
pear in NVSS in the deeper regions of the 9C survey. There is a
small difference in the observing frequencies of the 9C (15.2 GHz)
and 10C (15.7 GHz) surveys. Where S 1.4 was available, S 15.7 was
estimated using α15.21.4 , otherwise no correction was applied for the
small difference in frequency.
All 5890 AT20G sources have flux-density measurements at
20 GHz, and 3538 of these also have near-simultaneous flux-
density measurements at 4.8 and 8.6 GHz, from follow-up ob-
servations. In addition, all but 44 sources have flux density mea-
surements at 1.4 and/or 0.843 GHz. The 1.4-GHz flux densities
were obtained from NVSS and the 0.843-GHz flux densities from
SUMSS and MGPS-2. The 44 uncatalogued sources at 1.4 and
0.843 GHz were removed from the analysis; these sources are ei-
ther listed in Murphy et al. (2010) as not having a low-frequency
counterpart or they are nearby, large galaxies that were too com-
plicated to be catalogued in MGPS-2. For the remaining sources,
S 15.7 was estimated from S 20 and the flux density available at the
closest frequency (8.6, 1.4 or 0.843 GHz) below 15.7 GHz, assum-
ing a power-law dependence on frequency. If no measurement of
S 1.4 was available from NVSS, S 1.4 was estimated from S 0.843 and
the flux density available at the closest frequency (4.8 or 20 GHz)
above 1.4 GHz.
We divided the flux density range 0.5 mJy –10 Jy into 21 bins.
In any bin, we only used sources from survey regions which are
close to 100% complete. This is important because sources with
higher flux densities are preferentially detected in incomplete bins.
We adjusted the completeness limit of the AT20G catalogue to ac-
count for the frequency difference. As indicated in Table 7, the
AT20G catalogue is estimated to be 100% complete at 20 GHz
above 100 mJy. We set the completeness limit at 15.7 GHz to
143.8 mJy in order to ensure that a source with a falling spectral
index as extreme as α2015.7 = −1.5 still lies above 100 mJy at 20 GHz.
The top panel of Fig. 10 shows the fraction of sources with
α15.71.4 < −0.8 as a function of flux density. Sources in the 9C and
10C surveys that were too faint to be detected in NVSS and that as
a result have no spectral-index measurements were taken to have
α15.71.4 > −0.8. We can be certain that this is the case in all flux-
density bins given the completeness limit of NVSS. In any bin, the
error on the fraction of sources with α15.71.4 < −0.8 was derived as-
suming Poisson errors on the numbers of sources with α15.71.4 < −0.8
and α15.71.4 > −0.8. It can be seen that in the flux density range be-
tween ∼ 1 Jy and ∼ 5 mJy, the fraction of sources with α15.71.4 < −0.8
increases with decreasing flux density. At fainter flux densities, this
trend is reversed, with a move back towards a flatter-spectrum pop-
ulation.
Traditionally, a spectral index cut-off of –0.5 is used to sepa-
rate flat- and steep-spectrum sources. For spectral indices between
1 and 5 GHz, Chhetri et al. (2012) found that the optimum cut-off
to separate extragalactic radio sources into compact (. 0.15 arcsec)
and extended (& 0.15 arcsec) sources is –0.46, which is close to the
value that is traditionally used. We therefore also looked at the frac-
tion of sources with α15.71.4 < −0.5 (see bottom panel of Fig. 10). 9C
and 10C sources too faint to appear in NVSS can be taken to have
α15.71.4 > −0.5 provided that they have S 15.7 > 1.0 mJy. Deeper 1.4-
GHz data were therefore required in the deep regions of the 10C
survey (where the completeness level goes below 1.0 mJy) to in-
clude sources between 0.5 and 1.0 mJy.
We used data from Whittam et al. (2013) to include points be-
tween 0.5 and 1.0 mJy when using a spectral index cut-off of –0.5.
We used their published measurements of α15.71.4 for 51 of the 296
sources which form a sample complete to 0.5 mJy and are between
0.5 and 1.0 mJy. These were derived from 1.4-GHz flux densities
in the following order of preference: NVSS, FIRST, the WSRT
catalogue (Guglielmino et al. 2012), Owen & Morrison (2008) and
Biggs & Ivison (2006). Upper limits on the 1.4-GHz flux densities
are quoted for sources with no matches in any of these 1.4-GHz cat-
alogues; such sources can be assumed to have spectra flatter than
–0.5.
A similar trend is observed when using a spectral index cut-
off of –0.5. The fraction of sources with α15.71.4 < −0.5 peaks in the
3.0-5.5 mJy bin, where it is (67 ± 4)%. It drops to (39 ± 7)% in the
0.5–1.0 mJy bin.
Fig. 11 shows the 15.7-GHz differential counts of sources with
α15.71.4 < −0.8, α15.71.4 > −0.8, α15.71.4 < −0.5 and α15.71.4 > −0.5 normal-
ized to S −2.5, i.e. divided by the counts expected in a Euclidean
universe. The binned differential source count data are provided in
Appendix A. The counts of sources with α15.71.4 < −0.8 show strong
curvature and lie below the counts of sources with α15.71.4 > −0.8 over
the full range of flux densities. The difference between the counts of
the sources with α15.71.4 < −0.5 and α15.71.4 > −0.5 is less marked. Flat-
spectrum sources dominate the counts above ∼ 25 mJy, and steep-
spectrum sources between ∼ 1.0 and ∼ 25 mJy. Below ∼ 1.0 mJy,
flat-spectrum sources dominate the counts again. We note that if ex-
tended low brightness emission from steep-spectrum sources was
being resolved out in the 10C survey, this would steepen the counts
of the steep-spectrum sources at the faint end. We think that this is
unlikely to be a significant problem given that only ≈ 5% of sources
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Table 7. Coverage, resolution and completeness limits of the AT20G, 9C and 10C surveys.
The numbers in brackets in the last column are upper completeness limits. We note that
in the case of the AT20G survey, the detection limit (40 mJy) is more than a factor of two
lower than the completeness limit.
Survey Frequency Coverage Resolution Completness limit
(GHz) (deg2) (arcsec) (mJy)
AT20G 20 20086a 10 100
9C 15.2
520b
25
25
115c 10 (100)
29c 5.5 (100)
10Cd 15.7
27 30 1.0 (25)12 0.5 (25)
a Massardi et al. (2011)
b Waldram et al. (2003)
c Waldram et al. (2010)
d AMI Consortium: Davies et al. (2011)
in the 10C survey were found to be extended relative to the beam
of ≈ 30 arcsec.
8.3 Comparison with the 5-GHz source-count model by
Jackson & Wall
Jackson & Wall (1999) have produced a source-count model at
5 GHz including contributions from seven different source types:
(1) the unbeamed products of high-excitation FRII sources, with
strong optical/UV emission lines
(2) the beamed products of high-excitation FRII sources, with
strong optical/UV emission lines
(3) the unbeamed products of low-excitation FRII sources, with
weak-to-no emission lines
(4) the beamed products of low-excitation FRII sources, with
weak-to-no emission lines
(5) the unbeamed products of FRI sources
(6) the beamed products of FRI sources
(7) star-forming galaxies
Source types 1, 3, 5 and 7 are taken to have steep spectra (α52.7 <
−0.5) and source types 2, 4 and 6 flat (α52.7 > −0.5) spectra. They
modeled the cosmic evolution of FRI and FRII sources using low-
frequency data at 151 MHz to avoid bias due to the effects of
Doppler beaming. The evolution was described using luminosity-
dependent density evolution. The FRI and FRII populations were
found to have very different evolutions, the FRII population un-
dergoing strong cosmic evolution and the FRI population showing
little or no evolution. They then accounted for the beamed products
of FRI and FRII sources by randomly aligning them with respect to
our line of sight. They used higher-frequency data (in particular 5-
GHz source count data) to constrain the parameters used to model
the beaming.
Fig. 12 shows their source count fit at 5 GHz, including the
contributions from the source types listed above. We compare this
with the observed counts at 15.7 GHz, separated into flat- and
steep-spectrum sources, shown in the bottom panel of Fig. 11. Al-
though there is a significant frequency difference, the comparison
is still useful as the beamed products of FRI and FRII sources al-
ready make a highly significant contribution to the source count at
5 GHz. We note that the counts of the steep-spectrum sources in
Fig. 12 will be somewhat shifted to the left at 15.7 GHz.
In the model, the counts of the FRII sources show broad
bulges followed by dramatic declines. This is a consequence of the
strong evolution attributed to the FRII population. The counts of the
beamed sources peak at ∼ 1 Jy and those of the unbeamed sources
at ∼ 100 mJy Thus unbeamed FRII sources appear to undergo
stronger cosmological evolution than do beamed FRII sources of
the same apparent power. Jackson & Wall interpret this as being
a result of the Doppler enhancement of the radio emission from
the beamed FRII sources. The FRI sources have monotonically de-
creasing counts throughout the entire flux density range since little
or no evolution is attributed to the FRI population. They start to
become more dominant than FRII sources below a few mJy. The
proportion of beamed to unbeamed FRI sources is not predicted
to change substantially with flux density. Star-forming galaxies be-
come the dominant source population below ∼ 100µJy .
Both the flat- and steep-spectrum counts at 15.7 GHz show
bulges, presumably due to the influence of the FRII sources. The
flat-spectrum counts peak at ∼ 1 Jy; the steep-spectrum counts have
a broader peak at ∼10–100 mJy. This offset between the peaks of
the steep- and flat-spectrum counts causes the observed shift to-
wards a steeper-spectrum population when going from ∼ 1 Jy to
∼ 5 mJy. The steep-spectrum counts start to fall sharply below
∼ 5 mJy. Thus the decline in the population of FRII radio galax-
ies appears to be in large part responsible for the observed decrease
in the fraction of steep-spectrum sources below ∼ 5 mJy.
On the other hand, the flat-spectrum counts flatten signifi-
cantly below ∼ 5 mJy. The counts of BL-Lac objects (source type
6) are not predicted to flatten below 5 mJy. The model predicts
that star-forming galaxies play an increasingly important role at
fainter flux densities. They have steep spectra between 2.7 and
5 GHz, synchrotron radiation being the dominant emission mech-
anism in this frequency range. Given that free-free radiation ac-
counts for an increasingly high fraction of the total intensity at
higher frequency, we have estimated the spectral index that a typ-
ical star-forming galaxy would have between 1.4 and 15.7 GHz.
Ysard & Lagache (2012) modeled the radio spectra of star-forming
galaxies to estimate their contribution to the cosmic radio back-
ground. They considered three emission components: synchrotron,
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Figure 10. Top: The percentage of sources with α15.71.4 < −0.8 as a func-
tion of S 15.7. The different symbols distinguish between the survey re-
gions that were used to produce the plot for the various flux-density
bins: ‘AT20G’ designates areas presented in Massardi et al. (2011), ‘9C1’
in Waldram et al. (2003), ‘9C2’ in Waldram et al. (2010) and ‘10C’ in
AMI Consortium: Davies et al. (2011). Bottom: Same as above except that
a spectral index cut-off of -0.5 is applied. ‘10C⋆’ designates a region of the
10C survey in the Lockman Hole in which spectral index information from
Whittam et al. (2013) was used.
free-free and spinning dust. Based on the work by Peel et al.
(2011), Murphy et al. (2010) and Tabatabaei et al. (2007) who stud-
ied the radio-to-infrared spectra of nearby star-forming galaxies,
Ysard & Lagache modeled the synchrotron spectrum as a power-
law with spectral index equal to –1.0, the free-free emission as a
power-law with spectral index equal to –0.1, and normalised the
intensity of the free-free emission to be equal to 50% of the syn-
chrotron emission at 10 GHz; the spinning dust component was
fully dominated by the synchrotron and free-free components at
10 GHz. This yields a value of α15.71.4 equal to –0.8. We therefore do
not expect star-forming galaxies to contribute to the flat-spectrum
counts despite the larger contribution of the free-free component at
15.7 GHz.
Therefore, the Jackson & Wall model does not seem to repro-
duce the flattening of the flat-spectrum counts seen at 15.7 GHz.
It is possible that a new population of faint, flat-spectrum sources,
not included in the model, is contributing to this effect. Sadler et al.
(2013) studied the local radio source population at 20 GHz by
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Figure 11. Top: The normalized (S 2.5n(S )) differential counts for sources
with α15.71.4 < −0.8 and α15.71.4 > −0.8. The same flux-density binning scheme
is used as in Fig. 10. Bottom: Same as above except that a spectral index
cut-off of -0.5 is applied.
6
5
Figure 12. Plot from Jackson & Wall (1999) showing their source count fit
at 5 GHz. Data points represent the differential source counts at 5 GHz. The
model produces contributions from seven source types as listed above. All
counts are shown in relative differential form with N0 = 60(S 5GHz)−1.5sr−1.
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matching radio sources from the AT20G catalogue with nearby
galaxies from the Third Data Release of the 6dF Galaxy Survey
(Jones et al. 2009). A remarkably high fraction (48%) of the 201
sources in their sample were found to have flat spectra (α201 >
−0.5) despite the fact that the sample is not thought to contain
any relativistically-beamed sources (the objects were selected from
within a sample of normal galaxies from which QSOs were ex-
cluded). Many of the flat-spectrum sources showed the character-
istics of GPS sources, with 20-GHz sizes less than 1 kpc and ra-
dio spectra peaking above 1 GHz. In addition, some of the steep-
spectrum (α201 6 −0.5) sources were found to have 20-GHz sizes
less 10–20 kpc, making them candidate compact steep-spectrum
(CSS) sources.
It is possible that this same population of flat-spectrum
sources, seen at higher redshifts, is starting to contribute signif-
icantly to the 15.7-GHz counts at the faint end. GPS and CSS
sources are thought to be young versions of large-scale radio galax-
ies (e.g. O’Dea 1998), but given the observed overabundance of
such sources (e.g. O’Dea & Baum 1997), it is not clear whether all
of these can evolve into FRI or FRII galaxies. Instead, the activity in
these sources may only be intermittent and not sustained enough to
drive large-scale jets and lobes (e.g. Reynolds & Begelman 1997);
or they may not be young but the radio emitting plasma is currently
unable to escape from the nuclear regions (e.g. Baum et al. 1990).
Another possible explanation is that a large number of FRI
radio galaxies have 15.7-GHz core-to-extended flux ratios suf-
ficiently high for them to appear as flat-spectrum sources. FRI
sources are predicted to dominate the 5-GHz counts at ∼ 1 mJy.
In the model, it is assumed that the unbeamed products of FRI
sources have steep spectra between 2.7 and 5 GHz. At 15.7 GHz, a
higher fraction of the total flux density will of course originate from
the core. It is also not clear how accurately the 15.7-GHz emission
from FRI cores is being modeled given the available data.
It would be very useful to obtain information about the mor-
phology of sources in the AT20G-deep pilot survey, particularly
those that have spectra peaking above 1 GHz, to see whether or not
they can be identified as FRI or FRII sources; we know that about a
quarter of the sources are likely to have radio spectra peaking above
1 GHz (considering the number of inverted-spectrum sources with
α201.4 > 0 and/or with clearly defined peaks in their spectra between
1.4 and 18 GHz). This may be achieved, for example, using follow-
up observations with the Very Large Array at 1.4 GHz, with both
high resolution and high surface brightness sensitivity.
Additional information about the source compactness at high
radio frequency could be obtained from our ATCA follow-up ob-
servations. Using 6-km antenna data from ATCA at 20 GHz,
Chhetri et al. (2013) were able to identify sources smaller than
0.15 arcsec, or less than 1 kpc at all redshifts, in the AT20G sur-
vey, which has a flux density limit of 40 mJy. The larger bandwidth
and increased continuum sensitivity of the new CABB correlator
on ATCA will allow the technique to be applied to fainter sources
in our sample; the results of this analysis are presented in Paper II.
8.4 Comparison with the de Zotti source-count model at
15 GHz
In Fig. 13, the 15.7-GHz counts of flat- and steep-spectrum sources
are compared with the latest version of the 15-GHz source-count
model by de Zotti et al. (2005), extracted from their website4 on
4 http://web.oapd.inaf.it/rstools/srccnt/srccnt tables
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Figure 13. Comparison of the 15.7-GHz counts, separated into flat- and
steep-spectrum sources, with the latest version of the de Zotti et al. (2005)
source-count model at 15 GHz. The red triangles and black squares show
the normalized (S 2.5n(S )) differential counts for sources with α15.71.4 < −0.5
and α15.71.4 > −0.5, respectively. The solid lines indicate the prediction of the
de Zotti model. The contribution from FSRQs is shown in purple, BL Lacs
in cyan, flat-spectrum sources (sum of FSRQs and BL Lacs) in blue and
steep-spectrum sources in green. No attempt was made to correct for the
small frequency difference between the measured and model source counts,
but this is unlikely to significantly affect any conclusions drawn from the
comparison.
2013 October 11. The model includes contributions from FS-
RQs, BL Lacs and steep-spectrum sources. The steep-spectrum
sources only include sources powered by nuclear activity; they
do not include star-forming galaxies. The data used to constrain
the model include source-count measurements from the 9C survey
(Waldram et al. 2003, 2010) at 15.2 GHz, which probes flux densi-
ties down to 5.5 mJy.
For the steep-spectrum sources, the de Zotti et al. model is
broadly in agreement with the data, although it somewhat overpre-
dicts the measured counts above ∼ 5 mJy. For the flat-spectrum
sources, the model demonstrates good agreement with the data
above ∼ 100 mJy. However, below this flux-density level, the model
increasingly underpredicts the measured counts with decreasing
flux density. The flat-spectrum counts are predicted to flatten with
decreasing flux density due to the contribution from the BL Lacs,
but they do not flatten sufficiently to resolve the apparent deficiency
of flat-spectrum sources below ∼ 100 mJy; indeed, BL Lacs are
only predicted to overtake FSRQs below ∼ 5 mJy. The model un-
derpredicts the number of flat-spectrum sources by about a factor
of four in the lowest flux-density bin (0.5–1.0 mJy). Therefore,
it seems likely that an additional population of unbeamed, flat-
spectrum sources is emerging at the low-flux-density end of the
measured counts.
9 CONCLUSIONS
As part of a pilot study for the AT20G-deep survey, we have sur-
veyed an area of 5 deg2 to an rms noise level of ≈ 0.3 mJy at
20 GHz with ATCA. The survey covers two regions, the Chan-
dra Deep Field South (03 hr; −27 deg) and part of SDSS Stripe
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82 (21 hr; −0.5 deg). The sources detected in the survey were fol-
lowed up with ATCA at 5.5, 9 and 18 GHz.
The catalogue from the AT20G-deep pilot survey contains 85
sources above 5σ. The reliability of the catalogue is 100%. The cat-
alogue is estimated to be 90% complete above 2.5 mJy. The density
of sources above 2.5 mJy is (13.4 ± 1.7) deg−2.
We have matched our source catalogue with the NVSS, FIRST
and ATLAS DR1 catalogues at 1.4 GHz. 55% of the sources have
steep spectra (α201.4 < −0.5), 24% have flat spectra (−0.5 6 α201.4 <
0.0) and 21% have inverted spectra (α201.4 > 0.0). Only one source is
not detected at 1.4 GHz. It is also not detected in the ATLAS DR3
image, implying that it has α181.4 > 1.38.
On the whole, the steep-spectrum sources show little spectral
curvature between 1.4 and 18 GHz. There is a strong tendency for
the spectral indices of the flat- and inverted-spectrum sources to
steepen with frequency. Among the 18 inverted-spectrum sources,
10 have clearly defined peaks in their spectra with α5.51.4 > 0.15 and
α189 < −0.15.
On a 3-yr timescale, at least 10 sources varied by more than
15% at 20 GHz; 9 of these have flat or inverted spectra. Sources
displaying blazar activity (which the variability would imply) are
therefore still relatively common at the flux densities probed by the
AT20G-deep pilot survey.
We have combined data from the AT20G survey at 20 GHz,
the 9C survey at 15.2 GHz and the 10C survey at 15.7 GHz to inves-
tigate the dependence of spectral index on flux density at 15.7 GHz.
We find a shift towards a steeper-spectrum population when going
from ∼ 1 Jy to ∼ 5 mJy. This trend is reversed below ∼ 5 mJy, with
a move back towards a flatter-spectrum population. The counts at
15.7 GHz are dominated by flat-spectrum (α15.71.4 > −0.5) sources
above ∼ 25 mJy, steep-spectrum (α15.71.4 < −0.5) sources between
∼ 1.0 and ∼ 25 mJy, and flat-spectrum sources below ∼ 1.0 mJy.
The Euclidean normalized differential counts of both flat- and
steep-spectrum sources show bulges, the flat-spectrum counts peak-
ing at ∼ 1 Jy and the steep-spectrum counts displaying a broader
peak at ∼10–100 mJy. Comparison with the 5-GHz source-count
model by Jackson & Wall (1999) suggests that these bulges are
caused by the contribution from the rapidly evolving FRII sources.
The counts of the beamed, flat-spectrum FRII sources would peak
at a higher flux density as a result of the Doppler enhancement
of their radio emission. The offset between the peaks of the flat-
and steep-spectrum counts results in the observed shift towards a
steeper-spectrum population when going from ∼ 1 Jy to ∼ 5 mJy.
Below ∼ 5 mJy, the steep-spectrum counts start to steepen strongly,
while the flat-spectrum counts start to flatten, causing the trend to
reverse. The flattening of the flat-spectrum counts is not predicted
by the model, which only includes contributions from FRI and FRII
sources, and star-forming galaxies. Given the composition of the
20-GHz population in the local universe, it seems likely that an ad-
ditional population of compact, flat-spectrum sources is contribut-
ing to this effect, although more radio data are required to confirm
this.
Direct comparison of the 15.7-GHz counts with the 15-GHz
source-count model by de Zotti et al. (2005) for classical radio
sources also suggests that an additional population of flat-spectrum
sources is emerging at the low-flux-density end of the measured
counts: for flat-spectrum sources comprising FSRQs and BL Lacs,
there is good agreement with the data above ∼ 100 mJy, but
below this flux-density level, the model increasingly underpre-
dicts the measured counts with decreasing flux density. The model
also somewhat overpredicts the measured counts of steep-spectrum
sources above ∼ 5 mJy.
The sources detected in the AT20G-deep pilot survey will be
studied further in an accompanying paper where we will study their
angular sizes and polarisation properties. We will also combine the
radio data with optical and infrared data.
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APPENDIX A: SOURCE COUNT DATA
Table A1 shows the data for the 15.7-GHz counts of sources with
α15.71.4 < −0.8 and α15.71.4 > −0.8. Table A2 shows the data for the 15.7-
GHz counts of sources with α15.71.4 < −0.5 and α15.71.4 > −0.5 with
which the 5-GHz model source counts by Jackson & Wall (1999)
and the 20-GHz model source counts by de Zotti et al. (2005) are
compared in Sections 8.3 and 8.4.
Table A1. Differential counts at 15.7 GHz of sources with α15.71.4 < −0.8 and
α15.71.4 > −0.8. ‘AT20G’ designates areas presented in Massardi et al. (2011),
‘9C1’ in Waldram et al. (2003), ‘9C2’ in Waldram et al. (2010) and ‘10C’
in AMI Consortium: Davies et al. (2011).
Bin start Bin end Nα<−0.8 Nα>−0.8 Area Survey
S (mJy) S (mJy) (deg2)
0.50 0.60 19 92 11.96 10C
0.60 0.80 25 101 11.96 10C
0.80 1.02 26 65 11.96 10C
1.02 1.70 100 231 26.86 10C
1.70 3.00 86 133 26.86 10C
3.00 5.50 63 72 26.86 10C
5.50 10.00 53 73 55.96 9C2 + 10C
10.00 15.00 54 76 141.56 9C2 + 10C
15.00 25.00 39 56 141.56 9C2 + 10C
25.00 40.00 70 160 634.70 9C1 + 9C2
40.00 60.00 39 94 634.70 9C1 + 9C2
60.00 100.00 26 77 634.70 9C1 + 9C2
100.00 143.80 5 25 520.00 9C1
143.80 250.00 129 930 20606.00 AT20G + 9C1
250.00 400.00 52 484 20606.00 AT20G + 9C1
400.00 600.00 16 249 20606.00 AT20G + 9C1
600.00 1000.00 5 183 20606.00 AT20G + 9C1
1000.00 1500.00 4 86 20606.00 AT20G + 9C1
1500.00 2500.00 3 52 20606.00 AT20G + 9C1
2500.00 5000.00 0 26 20606.00 AT20G + 9C1
5000.00 10000.00 0 6 20606.00 AT20G + 9C1
Table A2. Differential counts at 15.7 GHz of sources with α15.71.4 < −0.5 and
α15.71.4 > −0.5. ‘10C⋆’ designates a region of the 10C survey in the Lockman
Hole in which spectral index information from Whittam et al. (2013) was
used.
Bin start Bin end Nα<−0.5 Nα>−0.5 Area Survey
S (mJy) S (mJy) (deg2)
0.50 1.02 20 31 1.73 10C*
1.02 1.70 183 148 26.86 10C
1.70 3.00 141 78 26.86 10C
3.00 5.50 91 44 26.86 10C
5.50 10.00 78 48 55.96 9C2 + 10C
10.00 15.00 75 55 141.56 9C2 + 10C
15.00 25.00 57 38 141.56 9C2 + 10C
25.00 40.00 113 117 634.70 9C1 + 9C2
40.00 60.00 66 67 634.70 9C1 + 9C2
60.00 100.00 49 54 634.70 9C1 + 9C2
100.00 143.80 10 20 520.00 9C1
143.80 250.00 263 796 20606.00 AT20G + 9C1
250.00 400.00 107 429 20606.00 AT20G + 9C1
400.00 600.00 35 230 20606.00 AT20G + 9C1
600.00 1000.00 18 170 20606.00 AT20G + 9C1
1000.00 1500.00 9 81 20606.00 AT20G + 9C1
1500.00 2500.00 6 49 20606.00 AT20G + 9C1
2500.00 5000.00 0 26 20606.00 AT20G + 9C1
5000.00 10000.00 0 6 20606.00 AT20G + 9C1
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